We report on low-temperature scanning tunneling spectroscopy measurements on epitaxial graphene flakes on Au(111). We show that using quasiparticle interference (QPI) mapping, we can discriminate between the electronic systems of graphene and Au(111). Beyond the scattering vectors, which can be ascribed to the elastic scattering within each of the systems, we observe QPI features related to the scattering process between graphene states and the Au(111) surface state. This additional interband scattering process at the graphene/Au(111) interface allows the direct quantitative determination of the Rashba-splitting of the Au(111) surface state, which cannot be evaluated from QPI measurements on pure Au(111). This experiment demonstrates a unique local spectroscopic approach to investigate the Rashba-split bands at weakly interacting epitaxial graphene/substrate interfaces. The spin-orbit (SO) interaction in combination with broken space inversion symmetry at surfaces leads to a spin splitting of surface states in heavy metals as experimentally observed by photoemission for instance at the Au(111) [1] [2] [3] , Bi(111) [4, 5] , and Sb(111) [6] surfaces. This so called Rashba-Bychkov effect [7] is further enhanced for surface alloys, such as Bi/Ag(111) [8, 9] , Pb/Ag(111) [10] , and Sb/Ag(111) [11] , leading to a giant Rashba splitting. Moreover, recent studies point out the possibility of an induced extrinsic Rashba splitting in graphene on Au [12] [13] [14] . Compared with the intrinsic spin-orbit coupling (SOC) in graphene, which is in the range of 50 μeV [15] [16] [17] , the Rashba-type splitting induced by the presence of Au has recently been reported to reach 100 meV [14] .
The spin-orbit (SO) interaction in combination with broken space inversion symmetry at surfaces leads to a spin splitting of surface states in heavy metals as experimentally observed by photoemission for instance at the Au(111) [1] [2] [3] , Bi(111) [4, 5] , and Sb(111) [6] surfaces. This so called Rashba-Bychkov effect [7] is further enhanced for surface alloys, such as Bi/Ag(111) [8, 9] , Pb/Ag(111) [10] , and Sb/Ag(111) [11] , leading to a giant Rashba splitting. Moreover, recent studies point out the possibility of an induced extrinsic Rashba splitting in graphene on Au [12] [13] [14] . Compared with the intrinsic spin-orbit coupling (SOC) in graphene, which is in the range of 50 μeV [15] [16] [17] , the Rashba-type splitting induced by the presence of Au has recently been reported to reach 100 meV [14] .
Although the Rashba-split bands are readily visible in angle-resolved photoemission experiments [1] [2] [3] , their observation at the local scale by means of scanning tunneling microscopy (STM) employing quasiparticle interference (QPI) mappings is challenging. Within such an experiment, one probes the local density of states (LDOS) oscillations generated by QPIs arising from elastic scattering between different momentum eigenstates. These standing wave patterns give rise to characteristic features in Fourier-transformed local density of states (FT-LDOS) maps, which can be understood using joint density of states (JDOS) considerations [18] [19] [20] , i.e., the simple evaluation of principle scattering vectors connecting states on the constant-energy contour (CEC) of the system. However, in the case of spin-split bands only scattering between states with the same spin polarization occurs, making it impossible to reconstruct the full spin-split band structure by analysis of QPI [21] [22] [23] [24] . In particular cases, the presence of both spin-split and spin-degenerate surface state bands allows interband transitions, which yield the information about the Rashba splitting [25] . In Au(111), however, only spinconserved backscattering within the surface state is observed, which masks the actual spin splitting, hence necessitating a different approach for the local observation of the Rashba splitting.
Here, we demonstrate that a direct observation of the Rashba splitting in QPI is indeed made possible using graphene. Low-temperature STM is implemented to study the * mikhail.fonin@uni-konstanz.de quasiparticle scattering in epitaxial graphene nanoflakes on the Au(111) surface. Very weak interaction between graphene and Au(111) gives the possibility to investigate the electronic structure of each of the materials. In addition to graphenerelated and Au-related scattering, we observe QPI features due to the interband scattering between graphene and Au states, which allow for the direct quantitative determination of the spin splitting of the Au(111) surface state at the local scale by STM. We also comment on the possibility to observe the recently reported giant Rashba splitting of graphene [12] [13] [14] in the graphene/Au system by means of QPI.
Experiments were performed in a two-chamber ultrahigh vacuum (UHV) system (base pressure p 5 × 10 −11 mbar) equipped with an Omicron Cryogenic scanning tunneling microscope. All measurements were performed at 10 K in constant-current mode using electrochemically etched and UHV flash-annealed polycrystalline tungsten tips. dI/dV maps were recorded using a lock-in amplifier with a modulation voltage of 3-4 mV rms and a modulation frequency of 672 Hz. The bias voltage V is given with respect to the sample. dI/dV maps were recorded with atomic resolution and subsequently corrected to match the graphene honeycomb lattice with the lattice parameter of a G = 2.46Å. The preparation of the graphene on Au(111) samples was performed as described elsewhere [26] . In brief, temperature-programmed growth [27] for the preparation of single-crystal graphene flakes on Ir(111) is used with subsequent intercalation of a nominally 50Å thick Au layer. Figure 1 (a) represents the typical surface morphology of graphene/Au(111). The intercalation of thick Au layers produces flat terraces of up to several hundred nanometers in width, which support the graphene flakes [26] . For the experiments described below we chose a graphene flake with the lateral dimensions of approximately 450 × 140 nm 2 . Figure 1(b) shows the graphene flake covering the herringbone reconstructed Au(111) surface like a carpet. The Fast Fourier transform (FFT) of the same area is presented in Fig. 1(c) , exhibiting spots related to the graphene reciprocal lattice (highlighted by a dotted hexagon) and the moiré superstructure (highlighted by a dash-dotted hexagon). The graphene atomic lattice does not feature a honeycomb appearance in the presented STM topography [ Fig. 1 with a short periodicity of (0.68 ± 0.04) nm, secondly due to the LDOS modulations, which become visible also in STM topographies in the case of small bias voltages. In our previous work [26] , we found that graphene on Au reveals abundant LDOS modulations especially in the vicinity of edges and defects [ Fig. 1(d) ] arising from QPIs, which allow accessing the graphene electronic properties by STM [20, [28] [29] [30] . Rotations of the graphene sheet with respect to the substrate and the resulting moiré structure have no impact on the following results as similar effects were observed on several different flakes with various rotation angles.
We now analyze the LDOS using dI/dV maps acquired with two different tip configurations, which were often obtained in the course of the experiment. We focus on the ringlike features at the corners of the Brillouin zone (BZ) which can be assigned to the LDOS modulations due to the intervalley scattering in graphene [28, 30] , i.e., by elastic scattering between adjacent Dirac cones at K and K [ Fig. 3(a) ]. 1 Constructive interference is found for the backscattering process, i.e., for the antiparallel orientation between k G and k G , where k G and k G is measured from the K and K point of the BZ, respectively. The resulting scattering vectors q G,inter = K − 2 k G form six ringlike features with radius 2k G around the corners of the BZ (dashed hexagon). A schematic representation of the scattering vector and the expected feature in FT-LDOS is depicted in Figs. 3(b) and 3(c) (black arrow and black circle). An azimuthal variation of the intensity of the circular scattering features observed in the experiment is supposed to be related to the pseudospin texture of the quasi-freestanding graphene [29] [30] [31] . The small circular feature in the center of the FFT originates from intravalley backscattering. In freestanding monolayer graphene the intravalley backscattering is suppressed due to pseudospin conservation [29] [30] [31] ; however, confinement in graphene nanoribbons may restore the intravalley feature [32] . In Fig. 2 (c) the dI/dV map of the same area of the flake as in Fig. 2(a) is shown acquired with the second tip configuration. Defects marked by arrows show that the imaged area is unchanged. The LDOS now exhibits additional spatial modulations similar to the backscattering of the Au surface state electrons [33, 34] . Indeed, the FFT clearly shows an additional ringlike feature around q = 0 [ Fig. 2(d) ] assigned to the surface state of Au(111), which was shown to survive underneath graphene, shifted by 100 meV to lower binding energy and significantly contributing to the tunneling current [26] . A more subtle difference between the two maps with different tip configurations can be noticed for the features related to the intervalley scattering [magnifications in Fig. 2(d) ]. For the second tip state, two ringlike features in addition to each intervalley scattering ring are observed at the corners of the BZ. Since these two additional rings were absent in the maps with the purely graphene sensitive tip 241406-2
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RASHBA SPLITTING OF GRAPHENE-COVERED Au(111) . . . PHYSICAL REVIEW B 90, 241406(R) (2014) configuration, we can expect their origin to be connected to interband scattering processes involving the electronic states of Au and graphene. Both tip configurations were prepared reproducibly within several experiments and allow us to unambiguously discern the contribution of metal electrons and graphene electrons using QPI analysis. This is an advantage over single point scanning tunneling spectroscopy (STS) on graphene on metals, where a prevailing contribution to the tunneling current stems from surface state electrons compared to contributions from the graphene states and masks features originating from graphene [35] .
For the evaluation of the additional graphene-Au scattering vectors we take into account the Rashba splitting of the Au(111) surface state, which leads to a separation of the CEC in two circles with opposite spin rotation direction [ Figs. 3(a)  and 3(b) ]. The spin is aligned in plane and tangentially with the circular CEC, the outer circle (red) rotating counterclockwise and the inner circle (green) rotating clockwise. The two split surface state bands are described by the following equation [3] :
* . The latter equation describes two parabolic bands symmetrically shifted away from k || = 0 with their extrema separated by 2k SOC . A SOC strength of γ = 396 meVÅ was determined experimentally for the Au(111) surface by Henk et al. [2] from spin-resolved photoelectron spectroscopy data. This value corresponds to a splitting of the surface state parabolas of 2k SOC = [21] [22] [23] [24] . Hence only scattering between opposite points on two different circular Au CECs appears in the experiment. The observed ringlike feature in FT-LDOS is then produced by the scattering vectors q Au,2−Au,1 = ( k Au,1 − k Au,2 ) [large central ring in Fig. 2(d) and blue ring in Fig. 3(c) ]. Vectors k Au,1 = k || − k SOC and k Au,2 = −( k || + k SOC ) refer to the two circular CECs of Au. The measured data points of the scattering within the Au(111) surfaces state (blue rhombi), the parabolic fit to the data (blue solid curve), and the calculated dispersions of the spin-split bands (dash-dotted curves) are shown in Fig. 4 .
The scattering vectors corresponding to the transitions between graphene states at the K and K points and the Au(111) surface state at the point [Figs. 3(b) and 3(c)] can be expressed in the general form as follows:
Within the JDOS approximation we find that the resulting scattering vectors point at the region around the BZ corner which is limited by an inner circle with radius | q G−Au,1/2 − K| = k Au,1/2 − k G and an outer circle with radius | q G−Au,1/2 − K| = k Au,1/2 + k G , for each Au surface state branch, respectively. At this point we have to consider the crystal momentum rather than the electron momentum and following the stationary phase approximation [20] group velocity v = −1 ∇ k E( k) is antiparallel for initial and final states [24, 36, 37] . Due to the p doping of graphene on Au(111), i.e., with hole-like graphene bands and electron-like surface state bands, at energies close to E F we can only expect scattering for the parallel alignment of k G and k Au,1/2 . Consequently, only those q G−Au,1/2 scattering vectors can be observed that form two additional rings with the radii | q G−Au,1/2 − K| = k Au,1/2 − k G in addition to the intervalley scattering ring.
In Fig. 4 (a) magnifications of one set of these additional scattering features at the BZ corners are shown for the three different energies close to E F . The determination of the radius | q − K| was carried out after an azimuthal integration of the FFT intensity around the center of the circles. In Fig. 4(b) the radii of the graphene, graphene-Au, and Au scattering features are plotted versus energy. Regarding the graphene dispersion, the linear fit to the intervalley scattering data points yields similar fit parameters [E D = (0.235 ± 0.050) eV, v F = (1.13 ± 0.2) × 10 6 m/s] as obtained in our earlier experiments [26] . Considering a splitting of the Au surface state bands of 2k SOC = 0.26 nm −1 as derived above using published data [2] , we first plot the energy dependence of the | q Au,1/2 | = 2k Au,1/2 scattering vectors for both branches of the spin-split Au(111) surface state [dash-dotted lines in Fig. 4(b) ]. We further plot the energy dependence of the graphene-Au scattering features q G−Au,1/2 for both the parallel and antiparallel orientation between k Au and k G (full and dashed red and green lines). The experimentally obtained graphene-Au scattering vectors (red and green triangles) coincide with the calculated energy dependence of the q G−Au,1/2 vectors assuming the parallel alignment of k G and k Au , thus perfectly reproducing the band separation and dispersion, which stems from the Rashba splitting of the Au(111) surface state. Moreover, the presented analysis shows that an easy access to the Rashba splitting of the metal surface state is given using the difference in radius of the two additional ringlike graphene-Au scattering features: SOC . Our measurements further demonstrate that although graphene on Au(111) is regarded to be quasifreestanding, a residual interaction between both materials is present allowing interband scattering processes between graphene and Au of considerable intensity, as observed in the FFT of the interference patterns.
Throughout our discussion we assumed that graphene bands are spin-degenerate. In the following we will discuss the impact of a possible spin texture of graphene [38] due to extrinsic SOC [12, 14] on the scattering at the graphene/Au(111) interface. In this case, the spin texture in graphene shows a spin orientation perpendicular to the momentum k G similar to the Rashba-split Au surface state, where the spin orientation is perpendicular to k Au,1/2 . Since the spin orientations of graphene and Au are both locked perpendicular to their respective k vectors, transitions will only be allowed between the circular CECs with comparable spin-rotation direction. If we consider the experimentally observed doping, the Fermi level cuts both branches of the Rashba-split graphene cone in the graphene/Au(111) system. The same number of scattering features is expected with included Rashba splitting of the graphene states; however the radius of the graphene-Au scattering features will now be |k Au,1/2 − k G ± k SOC,G | and thus enlarged due to the Rashba splitting in graphene if an inverted sense of rotation of the graphene spin texture is assumed according to [3, 39] . The difference between the radii of the two additional ring features can be quantified to q = | q G−Au,2 − q G−Au,1 | = [k Au,2 − (k G − k SOC,G )] − [k Au,1 − (k G + k SOC,G )] = 2k SOC,Au + 2k SOC,G . In the case of a small splitting of E SOC,G 10 meV [12] , the radii of the scattering features will be undetectable within the experimental k resolution, since the deviation from non-Rashba-split graphene will be on the order of 2k SOC,G = E SOC,G / v F 0.015 nm −1 compared to a splitting of the two graphene-Au scattering rings of 2k SOC,Au = 0.26 nm −1 . However, a giant Rashba splitting of 100 meV as reported in [14] can be ruled out for the epitaxial graphene/Au(111) system studied here, since then 2k SOC,G would be roughly one half of the Au Rashba effect contribution 2k SOC,Au , which we would have been able to observe.
In conclusion, our investigations on the graphene/Au(111) system employing quasiparticle interference mapping show that using graphene bands as an additional channel for scattering, one can visualize the Rashba-split surface state of Au(111) by means of a local probe. We find that FFT features attributed to the interband scattering processes involving both graphene and the Rashba-split Au(111) surface states preserve a spin-split signature unlike the observed surface state backscattering on pure Au surfaces, which does not provide information about the spin splitting. The measurement of the spin-split states at the nanometer scale in epitaxial graphene/metal systems opens a new possible approach to study the band structure of surfaces with spin-orbit coupling.
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